The purpose of this report is to talk, in an instructive way, about multilayer neutron mirrors and their applications developed in our institute. The outline is as follows. Basic properties and the reflectivity of the multilayer neutron mirror are given. The applications of the multilayer neutron mirrors, i.e., multilayer neutron monochromators, multilayer neutron polarizers, supermirrors, are presented. Measuring methods of the reflectivity and the polarization are secondly reported. •
Introduction
The wave property as de -Broglie wave determined from mass and velocity is drawn out conspicuously by combining cold neutrons with neutron mirrors. A neutron mirror is a neutron optical device utilizing the total reflection from the interface between vacuum and a coherently scattering medium. When a neutron wave propagates in a medium, the spherical waves scattered from individual atoms interfere with a propagating plane wave. This causes a change of the wave vector of the incident neutron wave. Now let us consider k0 as a neutron wave vector in the vacuum and k -in the medium. The ratio n = k/k0 is called the refractive index, since a change in the wave vector leads to refraction of the wave at the boundary between the vacuum and the medium according to Snell's law Many kinds of materials have the refractive index less than unity, and thus are optically less dense than vacuum. When a. neutron wave is incident on an optically . less dense medium, the total reflection occurs if the incident angle 0o is smaller than some critical angle θc [1] [2] [3] [4] [5] [6] . The critical angle O, is determined from the condition, n = cos θc ≈ 1 -θc2/2, since θc <1. The neutron guide tubes utilizing the total reflection of the Ni mirror are used for extracting thermal and cold neutrons to a distant place without loss of intensity in many institutes [7] [8] [9] [10] .
A multilayer neutron mirror is an artificial lattice with a large interplanar spacing and gives the simple one-dimensional optical potential to neutrons, which is related to the refractive index of the mirror material [11] [12] [13] . The width and height of the potential are controlled arbitrarily. The potential width is determined by the distribution of layer thicknesses during vacuum evaporation and the height by selecting layer materials [14] . Ferromagnetic materials produce magnetic optical potentials, and are used as neutron magnetic mirrors for controlling the static or dynamic spin states of neutron as a polarizer or a pulser [15] .
Monochromator consisting of alternating parallel layers of two substances . with different refractive indices (coherent scattering lengths) but equal thickness is used for extracting neutrons of the definite wavelength [16, 17] . This device uses the Bragg reflections like in the case of crystals. Polarizing monochromator is fabricated with ferromagnetic materials [18] .
By changing slowly the period of multilayer structures, the effective reflection angle could be larger than the total reflection angle. This idea was realized by Mezei [19] for extracting thermal neutrons with a sufficiently wide wavelength range. Such devices are called supermirrors. A usual supermirror is consisting of a total reflection mirror and a so-called supermirror. The supermirror guide tube was firstly constructed at B-4 beam hole of KUR in 1985 [9] .
Taking one's attention to the fact that the reflectivity depends on refractivities of materials, the distribution of substances is obtained from the measurement of neutron reflectivity from the specular sample [20] . The neutron reflectometer is used now for studying the structure of the composite polymers [21] [22] [23] . A micro neutron-interferometer consisting of a thin palladium film sandwiched by two semitransparent multilayer mirrors is used for determining the hydrogen content in the evaporated palladium film [24] .
Cold neutrons and multilayer neutron mirrors
Cold neutrons are commonly defined as those having wavelengths longer than 4 A which corresponds to the Bragg cutoff in beryllium [5] . The intensity of cold neutrons is, however, about 1% or 2% of the total neutron flux in the thermal distribution in a conventional research reactor, or a spallation neutron source. Thus, the cold neutron source of which a moderator is liquid hydrogen or liquid deuterium of about 20 K, is installed near by the neutron source for increasing the cold neutron flux [25] .
Neutrons with wavelengths shorter than 1 A show the corpuscular property and could be dealt classically. A cold neutron exhibits, however, the wave property as de Broglie wave remarkably and thus is understood with wave mechanics.
We consider the coherent elastic scattering of a neutron represented by a plane wave from the boundary between vacuum and material medium and assume the specular reflection. This is satisfied under the condition that the glancing angle of incidence Bo of incident wave vector k0 is the same as the reflected angle 0 of the wave vector k. When a neutron is reflected from the specular surface, neutron reflectivity is a function of a wave vector transfer Q which is perpendicular to the .
boundary. The magnitude of the wave vector transfer is given by
The potential energy of neutron in the vacuum is zero and the kinetic energy is equal toћ 2 k 20 /2m, where h is Planck's constant divided by 27r and m is its mass. In a medium, the total energy E is given by We thus obtain the coherent scattering length by measuring the critical angle for a definite wavelength.
If the mirror is made of polished magnetized ferromagnetic material, the magnetic optical potential, 1 i m is introduced into the formula for the refractive index f261 where μ is the magnetic moment of the neutron, B -the saturated magnetic induction. The plus and minus signs refer to neutron spin parallel and antiparallel to the direction of magnetization of the magnetic mirror. The magnetic scattering of neutrons occurs because of the interaction between the magnetic moment of the neutron and that of the atom, while nuclear scattering occurs on the nuclei of material.
The critical angle is now given by the formula Now we take VN as a nuclear scattering potential. If n_ > 1 and n + < 1 are obtained. In this case, the neutrons with spins parallel to the direction of the magnetization of the mirror are reflected, while neutrons with the antiparallel spin direction are transmitted.
Let the x axis be the direction normal to the surface of the multilayer and the neutron is incident on the surface from the x direction. Thus k and the potential are functions of only x. The time independent Schrödinger equation, which describes the propagation of the neutron wave and its reflection at the multilayer, is where The solution of Eq. (10) for the reflection of neutron from the multilayer mirror was solved by the method analogous to the conventional optics [11, 13] when the potential could be divided into a discrete number of rectangular potentials as shown in Fig. 1 . In practical calculations the modified potentials are used considering the roughnesses at the boundaries as shown in Fig. 2 [13] . And also reduction of density at evaporation is also taken into account.
Monochromators and polarizing monochromators
When thicknesses of layers are equal, neutron waves with the same incident angle are reflected at every boundary of the layers coherently like in the case of the Bragg reflection. Multilayer neutron mirrors consisting of alternating parallel layers of two substances of equal thickness are used as monochromators and polarizing monochromators. Figure 3 shows the example of the polarizing monochromator consisting of Fe50Co50 /V of which the interplanar spacing is designed to be T. Kawai • 180 ± 45 A. This multilayer polarizing monochromator reflects polarized neutrons of 9 A with the full width of about 2 A. at half maximum at the glancing angle of 1/40 rad [27] .
Recently we have developed the polarizing mirror working under very low external magnetic field consisting of permalloy/Ge multilayer. This polarizing mirror functions even under the zero magnetic field as shown in Fig. 4 [28] . where di is the thickness of the j-th layer, .6 defines the maximum decrease in layer thickness and a means the parameter determining the distribution of thickness.
Measuring methods of reflectivity and polarization
The dependence of a reflectivity on the neutron wavelength is measured The wavelength resolution is In these methods, typical resolutions of wavelength are in the range of 1-5%. Figure 8 shows the examples of the reflectivities measured. where Nref is the counting rate of neutrons reflected from the analyzing mirror and Ntr that of neutrons transmitted through the mirror. The polarization value depends on a measuring instrument and system, especially the flipping ratio of π -f l i p p e r . T h e f l i p p i n g r a t i o o f a r a d i o -f r e q u e n c yπ -f l i p p e r i s u s u a l l y h i g h c o m p a r e d with that of Mezei-type.
Neutron guide tubes
A neutron guide tube makes good use of the total reflection at the surface of materials. Material with large bNp has an advantage for a neutron guide tube, since a critical angle is large. A float glass with a smooth surface or a silicon wafer is used as a substrate of a mirror to avoid microscopic unevenness and macroscopic undulations. Mirrors are fabricated by a vacuum evaporation or sputtering method. The neutron guide tube guides neutrons without loss of intensity to a distant place by arranging mirrors with a definite curvature. In the case of a curved guide tube which does not look through the neutron source, fast neutrons and y rays as noises are removed. Figure 9 describes the two kinds of neutron trajectories, garland and zigzag reflections.
Let us take B* as the maximum incident angle possible in the garland reflection. Refering to Fig. 9 , the following relation is obtained: Fig. 9 . Schematic neutron trajectories in a neutron guide tube and characteristic parameters for a guide tube. Figure 10 shows neutron spectra of KUR neutron guide tube.
Neutron reflectometer
Neutron refractive indices depend on kinds of isotopes or species of elements and their distribution. By measuring neutron reflectivity which depends on refractive indices in layers, we could understand the distribution of substances in a sample. Such an instrument is called a neutron reflectometer. Figure 11 shows the neutron reflectometer installed at C3-1-2 cold neutron guide tube of JRR-3M of JAERI [23] . . Figure 12 shows one example of reflectivities measured by this reflectometer [29] . The sample is a 6 Li/Ti multilayer neutron converter for the solid UCN detector working at liquid helium temperature. The result implies that the neutrons of wavelengths around 1500 A could be detected by the UCN detector. We used the microneutron interferometer (MINI) consisting of a thin Pd film sandwiched by a pair of Ni/Ti multilayer mirrors to determine the hydrogen content in the evaporated palladium film. Two multilayer mirrors are semitransparent for a neutron and a neutron wave reflected from these mirrors interferes as shown in Fig. 13 .
A phase difference is expressed approximately as where n Pd is the refractive index of the palladium, D -the thickness of palladium layer, Q --the momentum transfer of neutron. Figure 14 shows neutron reflectivities from the MINI at 0, 1 and 2 atm hydrogen atmosphere. From this results the ratios H/Pd are evaluated as 0.43 ± 0.03 and 0.55 0.03 for 1 and 2 atm, • respectively. 
